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Abstract
Spectra of electrons scattered by He nuclei have been processed. Response functions of the He nucleus were found at effective 3-momentum4 4
transfers q = 0.875, 1.000, 1.125 and 1.250 fm−1. The data on the longitudinal response function were used to determine the Coulomb sum
values. The data obtained here are compared with the theoretical values.
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Open access under CC BY license.1. The He nucleus is related to few-nucleon systems,4
though its binding energy per nucleon is characteristic of heav-
ier nuclei. This feature makes the nucleus convenient for verify-
ing our concepts about nucleon–nucleon interaction in the nu-
cleus. One of the most reliably calculated quantities that needs
no knowledge of the final-state wave function of the nucleus
is provided by the sum rule that relates the nucleon–nucleon
interaction model to the 0th moment of the longitudinal re-
sponse function of the nucleus (see survey [1]). This moment
is called the Coulomb sum (CS) and is denoted by SL(q). For
the He nucleus,4 S (q)L was calculated in Refs. [2,3], where
the Argonne nucleon–nucleon potential with the Urbana three-
particle interaction was used. The quantity S (q)L consists of
several components, which vary differently with q . Thus the ef-
fect of the proton–proton correlation function on the resultant
S (q)L value ranges from 3–5 at q = 2 fm−1 to about 20% at
q = 1 fm−1. Therefore, it is desirable that the comparison be-
tween theory and experiment be performed in as wide a range
of momentum transfers as possible.
The experimental CS values of the He nucleus were ob-4
tained at q  1.5 fm−1 at the laboratories of Bates [4] (q =
1.5–2.5 fm−1), Saclay [5] (q = 1.5–3.2 fm−1) and Stanford [6]
* Corresponding author.
E-mail address: abuki@ukr.net (A.Yu. Buki).0370-2693 © 2006 Elsevier B.V.
doi:10.1016/j.physletb.2006.08.031
Open access under CC BY license.(q = 5.3 fm−1). Those data revised in paper [3] with due regard
for small-angle electron scattering measurements [7–9] are not
in contradiction with the calculation of S (q)L made in Ref. [3].
This Letter presents the experimental S (q)L data obtained in
the region of q about 1 fm−1.
2. The double-differential cross section for electron scatter-
ing by the nucleus, d2σ/dΩ dω, is expressed, according to [10],
in terms of the longitudinal R (q,ω)L and transverse R (q,ω)T
response functions as
Rθ(q,ω) = d
2σ
dΩ dω
(θ,E0,ω)/σM(θ,E0)
(1)= q
4
μ
q4
R (q,ω)L +
[
1
2
q2μ
q2
+ tan2 θ
2
]
R (q,ω),T
where E0 is the initial energy of electron scattered through
the angle θ with the transfer of energy ω, 3-momentum q =
{4E0[E0 −ω] sin2(θ/2)+ω2 1} /2 and 4-momentum qμ = (q2 −
ω )2 1/2 to the nucleus involved; σ (E , θ)M 0 = e4 cos2(θ/2)/
[4E20 sin4(θ/2)] is the Mott cross section, e is the electron
charge. Note that here E0 is the effective energy, which is the
sum of the initial energy and the correction that takes into ac-
count the action of the electrostatic field of the nucleus on the
incoming electron. According to [11], this correction is written
A.Yu. Buki et al. / Physics Letters B 641 (2006) 156–158 157as EC = 1.33Ze2〈r2〉−1/2, where Z and 〈r2〉 are, respectively,
the charge and r.m.s. radius of the nucleus.
The Coulomb sum has the form
(2)SL(q) =
∞∫
ω+el
RL(q,ω)
ηG2(q2μ)
dω,
where G(q2μ) is the electrical form factor of proton (we have
used the parametrization of G(q2μ) from Ref. [12]); η = [1 +
q2μ/(4M2)] × [1 + q2μ/(2M2)]−1 is the correction for the rela-
tivistic effect of nucleon motion in the nucleus, M is the pro-
ton mass, ω+el means that the energy transfer corresponding to
elastic scattering of the electron from the nucleus is the lower
boundary of the integration domain, but the integral does not
include the elastic scattering form factor.
3. To find the response functions, we have used the scat-
tered electron spectra measured at the NSC KIPT accelerator
LUE-300. Below we give a short description of the measure-
ments and data processing (more details on the topic can be
found in Ref. [13]).
The electron beam from the accelerator (current up to
0.2 µA) was incident on the gas target. In the experiment, two
gas targets were used: GT-1 for the measurement at a scattering
angle θ = 160◦ and GT-2 for measurements at other angles. The
working gas pressure in the targets was 100 atm. at room tem-
perature. Each gas target had its own collimator with a 0.8 cm
slit. The collimator cuts out from the beam track in the target
the section, from which electrons scattered by the gas reach
the spectrometer. The electrons scattered outside this section of
the beam track, as well as the electrons scattered by the foils
of the entrance/exit windows of the target are screened from
coming to the spectrometer. So, the effective 4He target thick-
ness is 0.0454 g/cm2 in the GT-1 case, and 0.0187 g/cm2 in
the GT-2 case. The total target thickness along the trajectory of
electrons that hit the spectrometer was determined to be 0.013
and 0.018 radiation-length units for GT-1 and GT-2, respec-
tively. The scattered electrons are momentum analyzed by the
spectrometer SP-95 that has a solid angle of 2.89 × 10−3 sr
and a dispersion of 13.7 mm/percent. In the focal plane of
the spectrometer, electrons are detected by eight scintillators,
each having an energy acceptance of 1.4%, and then arrive at
organic-glass Cherenkov radiators. The pulses from photomul-
tipliers of scintillation detectors and Cherenkov detectors are
registered by a coincidence circuit with a time resolution of
9 ns.
The measurements were performed at the following con-
ditions: E0 = 91, 114, 133, 150, 166 MeV and θ = 160◦;
E0 = 200 MeV and θ = 55◦, θ = 65◦; E0 = 262 MeV and
θ = 55◦, θ = 62◦. Before and after measuring each spectrum
of electrons scattered by 4He nuclei, the background spectrum
from an empty gas target was measured. Note that according
to our calculations and a few measurements of e+, the e−e+-
background from the gas-filled target is insignificant if present
at all in the measured spectra. After subtraction of the measured
background, the spectra were corrected for radiation–ionizationFig. 1. Experimental values of the longitudinal response function for the 4He
nucleus. The curves are the exponential extrapolation of the function.
effects by using equations of Ref. [14]. The results of measure-
ments were normalized using the ratio F 22 (q)/F
2
1 (q), where
F 21 (q) is the ground-state form factor of the
4He nucleus ob-
tained in our measurements and F 22 (q) is taken from Refs. [15,
16]. Division of the cross sections obtained by the correspond-
ing Mott cross sections modifies the spectra under study into
the functions Rθ(q,ω). Using Eq. (1) and the q-interpolation
of the functions (the interpolation technique has been described
in Refs. [13,17]), we have obtained the response function val-
ues corresponding to the constant momentum transfer values
q = 0.875, 1.000, 1.125, 1.250 fm−1. The experimental func-
tions RL(q,ω) are given in Fig. 1.
4. It can be seen from the figure that the RL(q,ω) values
obtained here describe the most part of integral (2). To deter-
mine the missing parts of the integrals, extrapolation of the
response functions to the ω → ∞ region is used. As an extrap-
olating function, the following expressions are frequently used
(e.g., see Refs. [4–6]):
(3)Rt,αL (q,ω) = Cα(q)ω−α
or
(4)Rt,β(q,ω) = Cβ(q)e−βω,L
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from fitting the expressions to the experimental response func-
tions. Thus, the CS obtained from the experiment is written as
(5)SL(q) = SL(q,ωx) + StL(q,ωx),
where
SL(q,ωx) =
ωx∑
ω+el
RL(q,ω)
ηG2(q2μ)
	ω
and
StL(q,ωx) =
∞∫
ωx
RtL(q,ω)
ηG2(q2μ)
dω.
Here ωx is the maximum energy transfer, for which the ex-
perimental RL(q,ω) values were obtained; SL(q,ωx) and
StL(q,ωx) are the proper experimental and extrapolated parts
of the CS, respectively.
Regarding the corrections used in the processing, it should
be noted that we took into account the corrections that changed
the SL(q,ωx) value in the q = 0.875–1.250 fm−1 range by
more than 0.1%. Thus
(i) the transition from the calculation of G(q2μ) by the com-
mon dipole formula to the later calculation made in
Ref. [12] increases the SL(q,ωx) value by (0.6–1.6)%;
(ii) the correction η in Eq. (2) increases SL(q,ωx) by (0.9–
1.7)%;
(iii) the taking into account of the nuclear Coulomb field effect
on the incident electron energy EC reduces the SL(q,ωx)
value by 0.2%.
The contribution of the neutron electric form factor to
SL(q,ωx) [18] is insignificant in our case: (0.02–0.05)%.
The statistical error of SL(q,ωx) is determined by the sta-
tistical errors of RL(q,ω). In turn, the statistical errors of
RL(q,ω) are defined by means of Eq. (1) from the statistical
errors of the data measured at large and small angles. The same
equation is used to find the systematic errors of SL(q,ωx).
The statistical error of the experimental CS, found in this
way, is δstatSL(q,ωx) ∼= 5.5%. This error is mainly due to sta-
tistical errors of measurements of inelastic electron scattering
spectra (about 4.6%). Besides, it also includes the statistical
errors in the measurements of elastic peaks for cross section
normalization.
The systematic error is δsystSL(q,ωx) ∼= 4.8%. It includes
the error of F 2el(q) values for
4He taken from Refs. [15,16]
to normalize the measured cross sections (1.5%), the radiative
correction errors of spectra (2%), the ambiguity in the choice
of path of data interpolation in the plane of variables (q,ω)
(0.7%), the error of G2(q2μ) values (0.6%).
The SL(q,ωx) values were obtained by using both expres-
sions (3) and (4). The contribution of the extrapolated part to
the final SL(q,ωx) value was on the average 15% for the power
function and 8% for the exponential function.Fig. 2. Coulomb sums of the 4He nucleus. Open circles show the experimental
values from Ref. [3]. The notation for present data is as follows: open squares
show the sums taken over the experimental data; closed circles and triangles
show the CS with extrapolation by the power function and the exponential func-
tion, respectively. The calculated curves from Ref. [2]: dashed curve—without
correction for proton–proton correlations, solid curve—with due regard for this
correction.
5. Fig. 2 presents the experimental SL(q) values taken from
Ref. [3] and the ones obtained in the present work. Since the
theoretical calculation of SL(q) in Ref. [3] was presented for
q  1.5 fm−1, we took the earlier variant of the calculation
from Ref. [2] as appropriate for our q values (the difference be-
tween the calculation from [2] and its modification given in [3]
should manifest itself at q > 2.5 fm−1). It is evident from the
figure that at q = 0.88–1.25 fm−1 the calculation version tak-
ing into account the contribution of proton–proton correlations
is in agreement with the experimental SL(q) values obtained
through the exponential extrapolation of data, but this calcu-
lation is somewhat lower than the experimental SL(q) values,
which were obtained with the use of the power function.
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